Caesots o Wra-raseg

s -' >

Curves of Growth of Autoionizing Spectral Lines with
J

Application to the 3s-4p Tran31t10n in Argon

Ara Chutjian

;:;Department of Chemistry, University of Southern California
’ Los Angeles California 90007

e o and ,
gJet Propulsxoq Laboratory, California Institute of Technology
_ Pasadena, California 911031

~and -

Robert W. Carlson

Department of Physics, University of Southern California
Los Angeles, California $0007 :

)}"ASA‘CR 127011) . CURVES OF S - ~
AUTOIONIZING SPECTRAL LINES giggwﬂ oF N72-73369

APPLICATION TO THE 3s~4p TRANSITION IN

ARGON A, Chutjian, et al (Unlver51tv of

Southern Callf ) [1970) 18 P Unclas

00799 32258

*This work was Sﬁpported By the National Science Foundation (GP-5294) and
vfhe National Aeronautics and Séace Administration (NGR-05-018-065 and
NGL-05-018-044), and also in part by the National Aeronautics and Space
"Admlnlstratlon under Contract No. NAS7 100. A preliminary report was

\.jglven at the 1969 West Meeting of the Amerlcan Phy51ca1 Society (Bull

Am Phys So;._ 14, 1180 (1969). _ (Submltted for publication to the Journal of
oL P ' Optxcal Somety, March 1970)

b et addeese. o Eesedw
Present address. ~ NATIONAL TECHNICAL :
S INFORMATION  SERVICE L

US Department of Commerce
Springfield, VA, 22151



‘- ABSiRAci
:vf:'Curvés.éf gfowth are cgléuiétédufof.aﬁtgionizing trénsifions_having‘
;{iﬁe~Beutier-Fano fbrm of ébsorpfion:cfoés secgién.‘-Both graphs‘andAtabu—
’“'1étéd values of the‘cufves-are presénted; The éurve-of-growfh‘analysis ‘
'f;ig-appiied tg}the 3s—4§ trénsitioﬁ in argon at X 466 i. AThevline param-
if?ﬁers I', q, and p® obtained by fitting the theoretical and experimental
-equivalent widths are in good agreement with other high-resolution values.
The curve;of—growth technique thus apéears to be an attractive method for
¢determiniﬁg the parameters of autoionizing féatures. The'application of

this technique to making path length or particle density measurements in,

for example, a King furnace or a plasma is also discussed.



INTRODUCTION

4:}4”*Thgnks to the development of strong light sources and good detectors
for the vacuum ultraviolet region, there has been much recent interest in
?3I'thé:méa§dréments of intensities of autoionizing line profiles. The theo-

retical work of Fano' and Fano and Cooper® has led to a characterization -

of ;he éﬁtoionizing.iinés first seen by Beutler® in the rare gases. Sev-

:éﬁéi“fééénizeXperiﬁentél>méasuréments have confirmed the théoretiéal iﬁter;
*:f‘préégti;n gf thévline:shapes;-and havevléa fo accurate values of-thg relevant
‘ffiihélﬁarameters. Among'thesé\are the photographic measurements of Madden and
'Q-Codiing4 on the 2s2b:1Pdsta£e of helium, and the photoelectric and photo-

graphic measurements of Levy and Huffman®

and Madden, Ederer, and Codling®
fi_oﬁ the 35—4§ Rydberg member in argon.

In the‘present work we will explore the curve-of-growth technique” to
;charééferiée the shape and width of autéionizing line profiles. Just as with
‘the more conventional Lorentzian, Doppler, or Voigt profiles, the approach
here is useful for extracting line parémeters, §r making pressuré or path-.

-.f 1ength measurements, in cases where the autoionizing line-width is comparable
to, or Severallgimes smaller than, ghe slitwidth of the spectrometer used in
- the measurements. This predicament arises when we are confined to the use of
'fwéak light sourcés, or when the widfh,of the autoionizing levgl itself is small
Aiés in, say, the helium (sp, 23+) ?PO state.*
:£{PWe will present the curves of growth for lines having the Beﬁtler-Fané
'fifdtm qﬁ the absorptioh cross section. We will also apply the teéhniéue to tﬁe
4;j3;%4p transition iﬁ'érgon, In tﬁié way we:ﬁili Eoth illustrate the cﬁfvé-of;

" growth method, and giveAsome idea as to the aCCuracy to which one can measure |




" “the line parameters.

'tzieby o, ) d1V1ded by the 1nc1dent llght 1nten51ty

THEORETICAL CONSIDERATIONS

‘QifFollohing the treatment of Fano and Cooper® we represent the absorption

EtfoSs Sectioh in the yicinity of an autoionizing transition as
S c(e) (cm = o, [(q+e)2/(1+ez)] + °b P R ¢

”tf;ﬁereﬁeh; (w-m;)/(%f) is the distance ftom.the resonahce (centered at.w;) in
}uhite of i, w ié the energy of the incident photon, and T is % divided by

~f‘the-lifetime efAthe autoionizing state, The parameter q® is the matrix
eleﬁentuwhich connects the lower state and the "modified" discrete statel
aivided hy'the matrix element which connects the lower state and a bandwidth

T of_contihdum states which interact with the discrete state. The quantity
_daris the absorption cross section to the continuum which mixes with the

’ ;_discrete state, while g, 1is the absorption cross section to any other con-

b

-tinua which do not interact with the discrete state.

-

We cen rewrite Eq. (1) as
©oo(e) = o [1+ °(q®-142qe) / (14e)] ' (2)

where dt = c, +_ob is the total absorption cross section away (e >> 1) from
L . i .
the resonance, and p3 is the ratio o, /g . We define the equivalent width as

the net area of the aut01on121ng feature (relatlve to the basellne determlned

If we let I, be the 1nc1dent

'ifﬁ}lght 1nten51ty, then the transmitted 1nten31ty I in the presence of the



éohtinhéAis‘I ='Io exp(—gtNE)'wHere N is the number of lower state atoms
-,.6rjmolééﬁ1es per cm®, and £ the absorption path length in cm. The equiva-
' leﬁf'ﬁfdth isbthen (in units of ev; for example)

o Lo exp(-g N2] - I, exp[-o(eINg]

S e = [ -

dw(eV) . - " 3)

;ﬁ ﬁsihg Eq. (2), and after several straightforward manipulations,'we can

;t:tféﬁsfoim Eq; (3) into the easy—to-use form
M = exp[B(pQ-l)] {exp(-pzs) b

r e . ) ’ :
1 . _.2q 9°-1 25 £9€ ‘
X Io 1 exp( p°B 1+62)cosh (p B 1+€2) de} ’ )

f:wwhere.thé left;hand side ié now W(q,pé,B)/F and vwhere B = Notz is a measure
‘of thé'étrength of the absorption,'and is an experimentally obtainable quan-
»-Atify.

| There are several intefesting features to Eq. (4). All the variables
1‘CW/F,q,p2;B,e) are dimeﬂsionless, so that Eq. (4) and the subsequent curves
jof“growth_gre quite universal, and apply to all experimental setups. Also;
5 from the way we have split up the first two expoﬁential factors, we have the

‘following generating equation

- W(q,¢®, a1, P ' ’
. (q,¢°,B) - eXP[S(pE‘l)] (q,1,p°B) . . (5)
51'This equation eliminates p> as an independent parameter in the calculation
%”:Bﬁ-the curves of gréwth. We can now calculate a set of curvés of growth for
. different q, and with p° = 1. We then have thé set of curves for any other

et < 1 from E>q . (5).



' Flnally,-we note that W/F is an even function 1n q. This means that
formally we can only get the magnltude of q from a curve- of growth analysis.
~ But in practlce if the flnlte resolutlon of the spectroneter has not dls-
.-torted the llne shape too badly,‘then one.can often determlne the sign of ¢
. by looking for the asymmetry in the experlmentally broadened llne shape (see
f.Flg. 2). Inrmany cases? however,.the sign of q may not be needed, since
f;;dmportant-physical quantities, such as the absorption-f—valne to the modified
- discrete state, depend on q . '
| -We could find no closed form expressron for the integral in Eq. (4),

8  fhe value

. we evaluated it numerically by the method of Gaussian quadratures,
of the integral W(q,1,B)/T was calculated in 0.25 and 0.50 steps in B for
0<p= 8; and in 0.5 steps in q for 0 £ q £ 3. We found that for an upper
. limit .to the integration of ¢ = e. = 10%, the relative error in the trun-
;cation from € ax to « was always less than 0.035%. ‘The relative error in the
convergence of the integral was held to less than 0.015%, or roughly to one-
- half the-truncation error. Thevslow convergence of the integral stems from
Athe fact that the integrand in Eq. (4) goes as 1/¢® for large ¢ (where 14 ¢2 ~
&, and where the exponential and hyperbolic cosine expansions are appropriate);
so that the.truncation error,is.proportional to l/smax.

The computed valnes of W(q,1,B)/T are presented in Table I, and in graphi-
eal form'in Fig. lf ‘The.values can be easily interpolated in B. Where the
L cnrve,of growth for a'non—tabulated value'of q is desired, it may be inter-
‘vpolated from the values in Table I Thls.procedure w111 be accurate to about
ji;l SA,vand it may not be-necessary 1nlsome cases to evaluate Eq %) numerically
',for the.lntermedlate value of_q. | ;
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o It'is interesting to note that the equivalent widths in Table I and

‘Fig. 1 are negative for most B and for most q. This is in contrast to

the usual curves of growth? where the equivalent width is always positive,
fiaiand is a reflection of the fact that the autoionizing feature, for most q
‘and B, is a relative emission feature. (As can be scen in Fig. 2, the

féatqre sténds out above its background given by I/I° = exp(—gth).) At

* the point e = —q in Eq. (1) the cross section has a relative minimum and
'*]*gi&es'risenfo a "transmission window." Mathematically, the hyperbolic cosine

" factor in‘Eq; 4) is inéreasing rapidly with ¢ for most values of q and B, so

"*that the integrand is usually negative.

L . EXPERIMENTAL DETAILS

. - We wefe able fé measure the variation of W with B for the 3s-4p Rydberg
tfansition.in argon, and to compare d1e$e results with the curve of growth
- calculated from Eq. (4), using the line parameters from the high-resolution
@easurements of Madden, Ederer, and Codliné.6
The experimentai apparafus éonsisfed of the following elements: a pulsed
light source to provide a continuoug extreme ultraviolet spectrum, a mono-
chromator to disperse the radiatipn, an absorption cell, and a photomultiplier
.'"to §etect thg iﬁéidentland transmitted ultraviolet energy. The photomultiplier
'fv'outﬁut was émplified, déte;ted ;yﬁchronously at the light source firing fate,
. and £he @utppt recorded‘on én XY recdrder. |
-ihg;light source was.a triggered low—pressure‘condensed spark'iﬁ éir;
.i?ﬁémbloying a uranium énodé énd a very low-inductance éapaéiforf? Quite high
:i'ifcgrrgp; densitiés'werelbﬁtained wifh.this low inductén;ef Vfﬁis-féafﬁ;;;-w“:

. -
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'tdéetherAwitHAthe'use of a high atomic-number anode, produced the Vodar
"..edntinuum}b from greater than 1000 K to at 1east 300 A.

The radlatlon was dlspersed using a l-meter Seya- Namloka monochromator
- '-s:'

- d.w1th a gold coated 1200 11ne/mm t11part1te gratlng blazed for 750 k. The

'ﬁllnear dlsper31on at the exit sllt was 120p/A and the- resolutlon was 0 75 -

fltoﬁi The main chamber of the monochromator was pumped with a four-inch

“dlffdélbﬁ pump’ u31ng a 11qu1d nltrogen cooled trap With the 1lght source

-:iq_eperatlng at a pressure of 30p, the main chamber pressure was (1-10) X 10"5
-éTgrrg depending on the slit sizes and the pressure in the absorptlon chamber.

‘:t}»kadiatioh passing through the exit slit entered the absorption chamber

ﬁhich eohsisted of a.cylinder of length ¢ = 37.0 cm. The'gas to be studied

wae admitted into this cell through a leak valve, and pumped out by the main

chembef diffusion pump via the exit slit of the monochromator. All gas |

1f pressures in this state of "dynamic equilibriup” were measured with a McCleod
gauge attached to the cell. A given pressure of argdp could be maintained to
5;4% for an indefiniteilength of time. |

:The detector was an ITT FW 131‘window1ess electron multiplier to which

kpas attached a large copper cathode. The use of the copper photocathode re-
p.ddced-tpe sensitivity of the detector to bothersome lpng—waveiength ecattered .
light, and emitted less noise than the combination of a fluorescent screen and
lpﬁotomultiplier sepsitive to visible radjation. The electron multiplier was
isolated.from the absorption cell by a very thin collodion film mounted on a

: .nickel mesh:. The film was mounted in the blade of a gate valve; and could be

7.used as a ges-seal, or moved out of the optlcal beam. The transmission of the

i(.f}lm 1p the extreme ultraviolet was of the order of ten to twenty percent. The

’



'small_aﬁosnt of:gas which did leak info the deéector region was removed by
“a tws-ipch diffusion pump} alss trapped-ﬁith a liquid nitrogen;cooled baffle.
",_Current pulses from the-mﬁlsipliéf anbdeuwefe‘amplified wisﬁ a widebsnd__
;volfage aaslifier and fed to a boxcar iﬁtegratof. The integrator Qas trig-
';-gered by the osc111at1ng voltage.on tﬁe capac1tor plates obtalned through a

‘: capac1t1ve voltage d1v1der. Each time the 11ght source flred the boxcar

',;integrator would be triggered and an electronit gate‘wduld'Open for a~period
" of about 3psec. The voltage appearing at the input during this interval was
lintegrated and averaged and the average value recorded on an XY recorder. A

typical spectrum of the argon 3s-np autoionizing features is shown in Fig. 2.

4 - RESULTS AND DISCUSSION

We méasured the equivalent width ofvthe.3s-4p Eransition at argon pressures
; of 0.018 Torr to 0.213 Torr with a constant path length of g = 37.9 cm. The
corresponding observed range of B was 0. 72 to 8.52, respectlvely. fhe zZero
light'level was determined before, during, and after the measurements, and the
préssure was allowed to equilibrste for several minutes at each new pressure.

v The data are presented in Fig. 3._'Each point shown in Fig. 3 is an average of
: " 4-10 scans over the same line. | ’
The exéerimental error in fhe measurements is about 8-157 for B > 2.

- Several sources of error become imbortané at small Qslues of B and give sise
fﬁo a Spread of absut 20% in the measurements with B <2. The ;ight'sosrce |
itself has a weak erratic em1531on.11ne (due.tq either aierr argon ions in

;the lamp) which overlaps the lower-energy edge of the argon resonance;.and

" % which contributes about 10-15% to éhe'equivalent width at‘these-absorptidnS.'

’



' Another éource of error is inherént to'the Beutler-Fano shape itseif. -The
--,Vﬁing; of the_érqfile éxtega over many linewidths, so that someipart of the
equivaient width is a%wa&g bﬁrieé in'tﬁe nbisé and aﬁpiitudé flﬁctuationg

;_ bf the pﬁlsed ligﬁt source. This latter effecﬁ would tend to decrease the
iQélue of thé_equivalent widtﬁ, aﬁd probasiy coﬁéensates in part for the
.';‘overlépping'émission line. Bqﬁhfpf.tﬁése difficultiés éould.be.remédied
*.by a source which héd low noise, and ﬁé emission lines,'sﬁch asAthe electron
'Qynchrotron; | |
" It can be seen from Eq} (45 thaf W is a functioﬁ of.the three independent

line parameters sé that, in principle, it takés only three measurements of W
at diffefent f to obtain T, lq‘, and ¢?. In actual practiée, vhere experi-
mental effors are involved, one must take ﬁany more measurements, and then
systemafically search for the parameters T, ‘q‘, p? which give the minimum-
. error fit to the experimental widths. The analysis which we used to obtain
the line paramc%ers was done in the following way{ froﬁ a preliminary study
of the data and the theoretical curves of growth we found that the variation
'_of ﬁhe équivalent width with B was fairly insensitive to the value of q for
tﬁe smali value of q encountered. _For.convenience, we started with thé value '
of ‘q‘ = 0.22 from the work'of.Madden, Ederer, and.Codling.s By examining
'tﬁé relative shape of the experimental variation of W with B, and comparing
‘this to the.theoretical shape for several vaiues of .p°, we determined the
best-fit value of pz; Then, having the proper shéée, we determined T by
'Anofmalizing the‘experi;entalrvélues of W to the théoretiéal Qalues of W/F;

iig W§Afouhd the parameters fof»the best fit to be‘p2>b 0;85 +0.02 and T =

'57; 1145'ij0.29 i (0.083 % 0.017 eV). This compares with the high resdlution

4

_values® of ¢? = 0.86 + 0.04 and T = 1.40 + 0.09 & (0.080 + 0.005 eV). The.

FER



‘. major source of error in our determination of T" was due to-small periodic

ffnonlinearities in the grating sine-bar drive. These were in part minimized

;by callbratlng the linear dlspers1on with several Ar VII VI, an& V_lines
"ﬁ?exc1ted by runnlng the lamp in argon. N |
‘ The results of the f1t for three values of p° 0.80 0.85, anoA0.90 .
j are.shown 1n F1g 3 Also using the best fit- parameters found above we
‘phave plotted in Flg. 4 the curves of growth for lql = 0.0 and 0.5, along :ﬂ
w1th the curve for lq| 0.22. 4 The.three curves all fall fairly close
.:ﬁ?-together but the value of lql does lie somevhere between 0.0 and 0.5. This
bsituation improues-somewhat for la}ger values of lql where (see Fig. 1) curves
f-for dlfferent lql lie further apart. |
.{f o In add:tlon, by msasurlno I/I —'exp(—oth)-away from the resonance, we
l'. found that the total continuum absorption cross section ctwas (33 +£2) ¥ 10“18cm2,
1-whicb‘compares with the values (35 & 2) x 10-2%cm® of Ref. 4 and (33 £ 2) X
. 107%en® of Ref. 5.

The eurve-of—growth approach can be used to obtain values of the line
parameters when sufficiently high resolution is not available. Another
application of this technique is useful when the line parameters T, ‘ql, and
p? are knowu from previous measureﬁents on a patticular line. If we theni

“measure the equivalent width of this line at two different pressures, we can,
using the approptiate curve of growth, tind the valués of B in our experiment.
},Gi=We tbeﬁ have the product Ng, solthat knowing either the particle density or theA
' fi:path length, we can determine the other. This approach is usefulviu, for‘example,
v,{{iaiKiugefurnace_or a_plasﬁa where one oftep knows the path 1enéth'qulte aecuratelp,

*}'but_has'no measure of the particle density.



'Finally; dﬁring the course of this wofk Qé learned of a previouéAstudy
B of a;toiopiziﬁg curves of growth b& Nossal and Weiss.'! Our treatment differs
from théirs in several.wéyéﬁ' Wevﬁave>§¢t up tﬁe problem in';-uﬁiversal form

iwhiéﬁ is.élsd easy for experiméétérg'fgvﬁsé.>'We_have also verified expéri—
N méntally thatlfhé autoioniziﬁg liﬁeg do.grow asicalculated, and we have
lfr;ttempted to défine thé limits of_;sefﬁlngssﬁof tﬁi; technique.

" CONCLUSIONS

B 'Cdives of growth were derived for lines.héving tﬁe Beutler-Fano form
of absorption cross séctioﬁ. The curves were calculated aﬁd displayed for
% =1, ana a generating éxpressién given for valueg of p® < 1. Although
a formal curve-of-growth analysis can at best yield only the magnitude of
q, the sign may sometimes be evideqt from the asymmetry in the observed
'.profile.. |

The technique is appiied to the 3s-4p transition in argon. We have

fitted the experimental variation of the equivalent width with pressure,
‘with the theoretical curves for different values of the line parameters,
We find good agreement betweepAthefline parameters obtained in this way
with previous high—resoluinn measurements on the same line, confirming

that the profiles do actually grow as calculated.

}}10-
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FIGURE CAPTIONS

‘Curves of'grbwth of spectral lines héving the Beutler-Fano
75% profile. The curves arevcomputed with p2 = 1. Curves for

'“{pél< 1 can be derived from the generating formula given in :_

Reéording of the 3s-np Rydberg series inrargon with a value

‘J.'jbf B of 6.8. The wavelength scale is approximate. The slit

. width here is about 2/3T, but we can still pick out the

R i-Figure 3.

‘Figure 4.

‘ steeper side of the 4p member. In this I/I, spectrum the

' steeper side faces lower energy, so that q is negative.

Plot of the experimental equivalent widths (open circles)

with the best-fit curve having p° = 0.85, and with curves

for p?2 = 0.80 and 0.90. The value of here is 0.22.
p q

Plot of the experimental equivalent widths (open circles)

with the best-fit curve having lq[ = 0,22, and with curves

" for lql = 0.0 and 0.5. The value of p° here is 0.85.
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mf,:m,m,ﬁﬂ.avwﬁm I. Numerical n<mwcmnwow.mm the umwwnﬁ<m;om.ndm.wdnmmmwwwaﬁm.u.mv\ﬁ;mm

muoa_mn. (4) by Gaussian pﬁmanmncnmm,_ The umwmn»¢m@mnwon wﬂ,ﬁ?mm

.m tabulated values is less than 0.035%.

o mam.m_. . 0.0 0.5 . 1.0 1.5 2.0
0,00 0.0000  .0.0000 - 0.0000  0.0000 . 0.0000 :
.0.25  0.3261  0.2606  0.0766  -0.1942 . =0.5131 ' -0.8473% " -1,1763
0.50 - 0.5441  0.4599 | 0.2406  -0.0415  -0.3240 - -0.5799. -0.8086
0.75 ~  0.6838  0.6074  0.4272 0.2341 0.0789" ©°-0,0369 ° -0.1281
1.00 © 0.7674  0.7121  0.6024  0.5249  0.5034 .. . 0.5196 : 0.5548
1.25 . 0.8114  0.7824° 0.7507  0.7834 .  0.8768 . 1.0024 . 1.1433
1.50 - 0.8276  0.8254  0.8667  0.9922  1.1763 ~ 1.3875 - 1.6116
S TS  0.8250 0.8474 0.9510  1.1490 1.4008  1.6758 - 1.9620
02,00 0 0.8100 0.8535 1.0070 1.2583  1.5580  1.8782 = 2.2084
. 2.25 0.7871  0.8477 1.0390 1.3271 '1.6588 " . 2.0088 2.3680 .
2.50 0.7596  0.8335 . 1.0516  1.3633 . 1.7142 . 2,0819 . 2.4582 %
275 0.7298 0.8135 1.0493 © 1.3740 1.7344 - 2.1103 2,491 wa_
03,00 0.6993  0.7897 1.0358 1.3656 1.7282.  2.1051  2.4897
' 3.25 0 0.6690  0.7637  1.0142  1.3432  '1,7026 °  2.0677 - 2.4557
3.50. 0.6398 0.7366  0.9871 . 1.3193  1.6636  2.0289  2.4011 -
3.75 0.6120  0.7093 0.9566 1.2728 . 1.6157 . 1.9710  2.3328 -
4.00 0.5858 0.6824 0.9242  1.2308  1.5625 - 1.9061  2.2561
4.50 . 0.5387 0.6313.  0.8582 1.1427  .1.4501 . 1.7684 - 2.0927
5.00 . 0.4984  0.5853 0.7951 1.0569  1.3399 ' 1.6331  1.9319
5.50 . 0.4662  0.5448  0.7378  0.9782 1.2384  1.5083 - 1.7835
6.00 . 0.4352°  0.5096  0.6870  0.9083 1.1483  1.3974  1.6516
6.50 10.4105 0.4792 0.6428  0.8474  *1,0697  1.3007 1.5366
7.00 0.3893 0.4529  0.6045 0.7947  1.0018 - 1.2172 1.4372
7.50 -+ 0,3710  0.4301  0.5714  0.7492 - 0.9432  1.1453 1.3518
8.00 0.3550 ' . 0.4103 0.5427 0.7099 0.8927  1.0832 1.2781
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